An extracellular, nonelastolytic, neutral metalloprotease of Serratia marcescens was purified by sequential ammonium sulfate precipitation, hydroxyapatite adsorption chromatography, flat-bed isoelectric focusing, and Sephadex G-100 gel filtration. The protease preparation had a 280/260 nm absorbance ratio of 1.8, was free of detectable amounts of endotoxin, carbohydrate, phosphorus, and other known extracellular enzymes of S. marcescens, and was homogeneous by Ouchterlony double immunodiffusion and Grabar-Williams immunoelectrophoresis. Crossed immunoelectrophoresis, thin-layer electrofocusing in polyacrylamide gel, and polyacrylamide disc gel electrophoresis showed three to four closely migrating, Coomassie blue-staining components in the protease preparation. However, zymogram analyses of the patterns showed that protease activity was associated with each component and that the protease was, therefore, microheterogeneous. The isoelectric point and sedimentation coefficient of the protease were approximately 5.3 to 5.4 and 4.2S, respectively, and the molecular weight estimated by sodium dodecyl sulfate-polyacrylanide gel electrophoresis and by gel filtration was approximately 52,500 and 44,000, respectively. The pH optimum range, with azocasein as the substrate, was 5.5 to 7.5. The enzyme contained a high percentage of acidic amino acids, no cysteine, and 1 g-atom of Zn2' and 7 g-atoms of Ca2+ per mol. Various heavy metal ions and chelating agents and heating at 600C for 15 min inactivated the enzyme. Intracorneal, intratracheal, and intradermal administration of the protease into rabbits elicited rapid and extensive tissue damage. The minimum lethal intravenous dose for mice was approximately 17 mg/kg of body weight.
of acidic amino acids, no cysteine, and 1 g-atom of Zn2' and 7 g-atoms of Ca2+ per mol. Various heavy metal ions and chelating agents and heating at 600C for 15 min inactivated the enzyme. Intracorneal, intratracheal, and intradermal administration of the protease into rabbits elicited rapid and extensive tissue damage. The minimum lethal intravenous dose for mice was approximately 17 mg/kg of body weight.
Serratia marcescens was, for many years, believed to be avirulent but is now known to be an important opportunistic pathogen capable of causing a large variety of infectious diseases in humans (2, 9, 12, 14, 17, 27, 31, 34, 35, 45) . In addition to the toxic lipopolysaccharide in its cell wall, the bacterium produces extracellular proteases, and serratia protease preparations of undemonstrated homogeneity have been reported to elicit skin, cornea, and lung damage (8, 25 ; A. S. Kreger, Abstr. Annu. Meet. Am. Soc. Microbiol., M288, p. 114, 1974) and to induce chemotaxis of polymorphonuclear leukocytes in vitro by generating chemotactic fragments from the C3 and C5 components of complement (52) . These studies suggest the possibility that, during serratia-induced diseases, serratia proteases may directly cause tissue damage and/or elicit the release of tissue-damaging enzymes from polymorphonuclear leukocytes. However, at the present time, the role of serratia proteases in the pathogenesis ofserratia-induced diseases has not been critically evaluated or clearly demonstrated.
Definitive studies to determine the role of a bacterial product in the development of a bacterial-induced disease process require a preparation of the product which is free of contaminating medium constituents and other biologically active products of the bacterium. Various investigators have described procedures for obtaining purified preparations of serratia proteases (1, 22, 25, 30, 36, 37, 42, 44 Patent 3,692,631, 1972) ; however, the publications did not present data rigorously documenting the purity of the preparations by a battery ofthe currently available, highly resolving, physicochemical, immunological, and biological activity techniques. Our interest in evaluating the possible role of serratia proteases in the patho-cation scheme for obtaining a S. marcescens protease preparation which was free of contaminating substances detectable by the above-mentioned techniques. This paper presents the results of our studies with an extracellular, tissuedamaging, neutral metalloprotease of S. marcescens, strain BG.
MATERIALS AND METHODS Assays. Protease activity against azocasein was assayed as previously described (23) for Pseudomonas aeruginosa proteases.
The final purified protease preparation was examined (approximately 100 ,ug of protein tested) for the presence of elastase (39) , hexapeptidase (18) , phospholipase C (26) , alkaline phosphatase (16) , deoxyribonuclease (41) , lipase (48) , esterase (21, 32) , and collagenase (40) 24, 1979 Preparation of antisera. New Zealand white rabbits, weighing approximately 1.4 to 2.3 kg at the start of the vaccination schedule, were injected subcutaneously, every 3 weeks, with 1 ml of an anhydrous oil vaccine (20) containing 5 mg of lyophilized crude protease concentrate (stage 2) per ml of incomplete Freund adjuvant. Rabbits were bled aseptically 10 days after the 4th, 5th, and 6th injections, and the sera were pooled and lyophilized. A semiquantitative titration of the pooled antisera (7) Results from preliminary immunological purity monitoring studies performed in the absence of protease inhibition suggested the occurrence of autodigestion, as well as the digestion of contaminating antigens and antigen-antibody complexes by the protease. Therefore, subsequent immunological monitoring was performed in the presence of a protease-inhibiting concentration of 1,10-orthophenanthroline (2 x 10' M OPA).
Initially, immunodiffusion and Grabar-Williams IEP gels were kept at 4 and 250C and were examined daily for 4 days. Maintenance at 40C for 2 days gave the best resolution and the largest number of precipitin arcs in both systems.
Fused rocket and crossed IEP gels were pressed, washed, stained, and destained as described in the quantitative immunoelectrophoresis manual of Axelsen et al. (6) .
Analytical polyacrylamide gel electrophore8i8. Commercially available, precast, 5.5-by-100-mm polyacrylamide gels (Bio-Phore gels; Bio-Rad Laboratories) having 7.5% and 12% monomer concentrations were adjusted to pH 8.9 by electrophoretic introduction, as recommended by the manufacturer, of 0.188 M Tris-glycine buffer. Samples (201d) ofprotease preparations mixed with Bio-Phore basic tracking dye solution were underlayered onto the surfaces of the gels maintained at 40C. Samples were initially migrated into the gels at a potential of 100 V, and the run was completed at a potential of 225 V. Gels were subsequently fixed, stained with Coomassie blue R-250, and destained as described by Fairbanks et al. (15) . In addition, the location of protease activity in the 7.5% monomer gels used to analyze the final purified protease preparation (stage 5) was determined by slicing the gels into 1.5-mm sections, placing each section into a protease assay mixture, and assaying for substrate degradation. The location of activity was compared with the location of Coomassie blue-staining bands in gels subjected to electrophoresis under identical conditions. Analytical isoelectric focusing. Analytical thin-S. MARCESCENS METALLOPROTEASE 413 layer isoelectric focusing in polyacrylamide gel was performed with the LKB 2117 Multiphor electrophoresis apparatus and commercial PAG plates (pH 3.5 to 9.5) as recommended by the manufacturer, except that samples (15 pl) were applied directly to the gel surface (4 cm from the cathode) and were electrofocused at a maximum fixed wattage of 30 W and a maximum of 1,500 V and 50 mA for approximately 2 h at 40C. Gels were fixed, stained with Coomassie blue R-250, and destained as recommended by the manufacturer, except that the fixed gels were soaked for 15 min in destaining solution before staining. Gels were also examined by a modification of a protease zymogram technique (5) . After electrofocusing, the gels were immersed for 5 min in 0.4 M Tris-hydrochloride buffer (pH 7.5), were overlaid with 1.2% molten agarose in 0.1 M Tris-hydrochloride buffer (pH 7.5) containing 1% sodium caseinate, and were incubated at 370C in a humid environment for approximately 1 h before fixing in a solution containing 3.5% sulfosalicylic acid, 11.5% trichloroacetic acid, and 30% (vol/vol) methanol.
Molecular weight estimation. (i) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The purified protease (stage 5) and various reference proteins were denatured and subjected to electrophoresis in 12% monomer concentration gels containing 0.1% sodium dodecyl sulfate, as previously described for P. aeruginosa proteases (23) . The molecular weight of the denatured protease was estimated by the relative mobility method of Weber et al. (53) .
(ii) Sephadex gel filtration. The apparent molecular weight of the native protease was estimated by the method of Andrews (3) .
Estimation of sedimentation coefficient. The sedimentation coefficient of the purified protease (stage 5) was estimated by rate zonal centrifugation in a linear 5 to 20% (wt/vol) sucrose density gradient (33), as modified for P. aeruginosa proteases (24) .
Amino acid analysis. Amino acid analyses were performed by the method of Spackman et al. (46) . Samples (2 mg) of the purified protease preparation were hydrolyzed for 24, 48, and 72 h at 1100C with 6 N HOl (1 ml) in sealed Pyrex tubes after evacuation and degasg. The hydrolysates were dried under nitrogen, and amino acid analyses were performed with a Durrum D500 amino acid analyzer. The tryptophan content was estimated by the fluorescence method of Pajot (43) . Half-cystine was determined as cysteic acid by the performic acid oxidation method described by Moore (38 Samples (100 pl) of protease preparations inactivated completely with 1.5 x 10-2 M OPA at pH 7.5 and with 5 x 10' M Na2 EDTA at pH 5 were added to 1 ml of Tris-hydrochloride buffer (pH 7.5) containing a sufficient concentration of metal ions to give a metal ion-to-inhibitor molar ratio, in the final assay mixture, of 2:1. Azocasein substrate solution (0.5 ml) then was added to the mixtures, and protease activity was assayed as described previously.
Effect of heat and pH on protease stability. Samples (0.2 U) of the purified protease (stage 5) in 1.1 ml of 0.1 M Tris-hydrochloride buffer (pH 7.5) were incubated at 25, 37, 45, and 600C for 15 min.
Azocasein substrate solution (0.5 ml) then was added to each mixture, and the protease activity was assayed as described previously.
Solutions (10 U/ml) of the purified protease contained in the same buffers which were used in the pH optimum studies were incubated at room temperature for 1 h. Samples (20 ,il) of each mixture were added to azocasein assay mixtures, and protease activity was determined as described previously.
In vivo toxicity studies. All the studies were done with membrane filter-sterilized solutions of the purified protease (stage 5) in 0.1 M AB. Heat-inactivated protease preparations served as controls. New Zealand White rabbits (1.4 to 2.3 kg) were anesthetized with ether and topical application of 0.5% tetracaine HCl and were injected intracorneally with samples (30 tl) of protease solutions. The corneas were examined for gross damage over a 4-h period.
Unanesthetized New Zealand White rabbits were injected intratracheally with samples (2 ml) of protease solutions. The animals were sacrificed with sodium pentobarbital 1 day postinjection, and the lungs were examined for gross damage.
Rabbits were injected intradermally with samples (0.1 ml) of protease solutions. Visualization of increased blood vessel permeability was aided by the intravenous injection, 2 h after the intradermal injections, of a 5% solution of Evans blue in saline (2 ml).
Random-bred, Dub:(ICR) female mice, weighing approximately 23 g (Flow Laboratories, Dublin, Va.), were injected intravenously with samples (0.25 ml) of protease solutions, and the minimum lethal dose was determined after observing the animals for 2 days postinjection.
RESULTS
Purification of S. marcescens protease. The behavior of the serratia protease during sequential hydroxyapatite adsorption chromatography, flat-bed isoelectric focusing, and gel filtration is shown in Fig. la, 2a , and 3a, respectively. The quantitative results of the purification scheme are summarized in Table 1 . The ammonium sulfate precipitation step (stage 2) resulted in a major increase in specific activity. The other steps in the purification scheme did not produce a marked increase in the specific activity of the protease preparations; however, immunological and physicochemical analyses documented the importance of the other steps in the progressive removal of a large number of minor contaminants from the preparations (Fig.  lb, 2b, 3b, 4 , 5, 6, and 7).
The final purified protease preparation (stage 5) was homogeneous by Ouchterlony double immunodiffusion (Fig. 4a) and by Grabar-Williams IEP (Fig. 4b) . The more highly resolving techniques of crossed IEP, polyacrylamide gel electrophoresis, and analytical thin-layer isoelectric focusing in polyacrylamide gel revealed three to four closely migrating components in the final purified preparation (Fig. 5d, 6d, and 7d) ; however, protease zymogram, analyses showed that all the components possessed protease activity. This observation of microheterogeneity in the final purified protease preparation is clearly demonstrated in Fig. 7e . Zymogram analysis (not shown) of the thin-layer isoelectric focusing pattern obtained with the culture supernatant fluids (stage 1) gave results similar to those obtained with the stage 5 preparation, except that an additional protease band was detected close to the anode. Thus, the multiple protease bands in the stage 5 preparation do not appear to be the result of autodigestion occurring during the purification procedures.
Elastase, hexapeptidase, phospholipase C, alkaline phosphatase, deoxyribonuclease, lipase, ofodd-numbered fractions were placed, in sequence, into wells (4 mm in diameter, numbered in figure) cut in 1.2% (wt/vol) agarose (Bio-Rad Laboratories) in 0.02 M Tris-barbital buffer (pH 8.6) and were allowed to diffuse, before electrophoresis, for 1 h at 10C. The upperpart ofeach gel (55.4 cm2 surface area) was composed of a 1.2% agarose gel (9.5 ml) containing 0. 75 ml of antiserum. After diffusion, the samples were subjected to electrophoresis (anode at top ofgel) at 2 V/cm for 18 (Fig. 9) .
Amino acid and metal analyses. The results of the amino acid analysis are presented in Table 2 . The protease contained a high percentage of acidic amino acids, no cysteine, and, based on a molecular weight of 52,500, 1 g-atom of Zn2+ and 7 g-atoms of Ca2+ per mol. No significant Determination of pH optimum. Protease activity against azocasein was optimal from pH 5.5 to 7.5.
Effect of metallic ions and inhibitors on protease activity. The effect of various metallic ions and enzyme inhibitors on protease activity is shown in Table 3 . Various heavy metal cations, oxidizing agents, chelating agents, and reducing agents inactivated the serratia protease. Sulfhydryl-inactivating agents and trypsin inhibitors had no significant effect on activity. Exposure of the protease to EDTA at acidic pH inactivated the enzyme more effectively than did exposure to EDTA at alkaline pH. Dialysis of OPA-and EDTA-inactivated protease preparations resulted in complete restoration and 60% restoration of activity, respectively. The addition of various metal ions to OPA-and EDTA-inactivated protease preparations (metal ion-to-inhibitor molar ratio of 2:1) gave the following results: (i) partial reactivation of OPAtreated protease by Mg2+ (25%) and Co3+ (50%); (ii) total reactivation of EDTA-treated protease by Mn2+, Co', and Zn2+; and (iii) partial reactivation of EDTA-treated protease by Ca2" (50%) and Cu2+ (30%).
Effect of heat and pH on protease stability. Heating for 15 min, in 0.1 M Tris-hydrochloride buffer (pH 7.5), at 25, 37, and 450C did not affect activity; however, heating at 600C eliminated detectable protease activity. Enzyme activity was stable at room temperature for 60 min at pH 5 to 10; activity was destroyed at pH 2 to 4. The enzyme was stable in deionized glassdistilled water (5 mg/ml) for at least 1 day at 40C.
In vivo toxicity studies. Intracorneal injec- DISCUSSION This paper is the first full-length publication to describe a purification scheme for obtaining large amounts of a tissue-damaging, S. marcescens neutral metalloprotease preparation free of contamination with medium constituents and other biologically active products of the bacterium. Other investigators (1, 36, 37) have reported previously on the isolation and properties of a serratia metalloprotease, and the results of their characterization studies agree, for the most part, with the data presented in this paper. However, the preparations studied by other workers were not rigorously examined for purity, as described in this paper, by a battery of the currently available, highly resolving, physicochemical, immunological, and biological activity techniques. Thus, it should now be possible to perform definitive studies to evaluate the possible role of serratia protease production in the pathogenesis of serratia-induced diseases.
Our observation of the microheterogeneous nature of the purified serratia protease is not unique. McQuade and Crewther (30) also reported on the molecular microheterogeneity of a S. marcescens protease preparation examined by isoelectric focusing in polyacrylamide gel. In addition, preparations of crystalline bovine trypsin have been found to contain variable quantities of at least five molecular weight species, apparently resulting from partial autodigestion (51) . Furthermore, purified P. aeruginosa elastases have been reported to exhibit microheter-VOL. 24 8.6) , and were subjected to electrophoresis (anode at right) at 9 V/cm for 65 min at 10 C; 2x concentrated antiserum (100 Iul) was added to each trough. ogeneity (23) , and multiple forms of a variety of different bacterial toxins and mammalian enzymes have been revealed by isoelectric focusing (4, 47) .
Liu (28) VOL. 24, 1979 a Final concentration in assay mixtures (1.6 ml) was 2 x 10-3 M, with the exception of (i) the mixture containing the enzyme exposed to EDTA at pH 5 (which contained 3 x 10' M EDTA) and (ii) the mixtures containing the naturally occurring trypsin inhibitors (which contained 0.5 mg of the reagent per assay mixture). Residual protease activity was determined as described in the text.
b Protease preparation (2 U of protease/ml) exposed for 30 min at 250C to 5 x 10' M EDTA at pH 5.0 before addition of sample (0.1 ml) to assay mixture.
illary permeability. In addition, the rapid and extensive cornea and lung damage elicited by our purified protease preparation corroborates previous observations made with partially purified serratia protease preparations (25; Kreger, Abstr. Annu. Meet. Am. Soc. Microbiol., M288, p. 114, 1974). The results of our previous fractionation experiments (25) and observations made during the current hydroxyapatite adsorption chromatography ( Fig. la) and protease zymogram analysis of the stage 2 and stage 1 preparations, respectively, suggest that the S. marcescens strain used in our studies can elaborate at least two different extracellular proteases. Examinations of other S. marcescens strains, by four other groups of investigators, support the idea that many strains ofS. marcescens can elaborate several extracellular proteases which differ from one another with regard to their substrate specificities (49), pH optima (22) , sensitivities to inactivation by EDTA and DFP (22) , isoelectric points (50) , and electrophoretic mobilities in agarose gel (19) . Additional studies are needed to isolate, characterize, and compare the different proteases of S. marcescens. ACKNOWLEDGMENTS This investigation was supported by Public Health Service grants EY-01104 and HL-16769 from the National Eye Institute and the National Heart, Lung, and Blood Institute, respectively.
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